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ABSTRACT
\y
“Accurate ocean data is essential for successful fleet operation. The N-ROSS
Satellite, which is being developed for this mission, will carry a Low Frequency
: Microwave Radiometer ( LFMR ). The LFMR consists of large flexible reflector and
boom and spins at 15 r.p.m. The effects of the flexibility of the boom, the spin-up
procedure and the structural damping on the pointing error of the LFMR are
investigated by performing the dynamic simulation using the Dvnamic Simulation

Language. Two cases of boom material, Aluminum Alloy and the Graphite epoxy
composite material, are analyzed and the results are compared. The simulation and
analysis results are presented in graphical forms.
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1. INTRODUCTION

A. BACKGROUND
Accurate ocean weather prediction is essential for successful fleet operations. The

NANY needs superior data collection capability to obtain the data density and
reliability necessary to produce consistently accurate forecasts and oceanographic data.
However present prediction models are limited by the quality and quantity of input
data which come mainly from ships. The obvious approach to satisfy these purpose
can be derived from satellite observations. Therefore, the NAVY planned the
construction of the Navy Remote Ocean Sensing System ( N - ROSS ). [Ref 1] This
system consists of satellites which scan the earth surface and provide the fleet with
timely worldwide knowledge of ocean data such as seasurface wind speed. wind
direction, seasurface temperature, ice edge detection. ocean wave height and ocean
photograpy. [Ref. 2] To satisfy the mission requirements the N - ROSS Satellite will
carry several sensors. Among these sensors the Low Frequency Microwave Radiometer
{ LEMR ) is the most important and the most interesting from the dynamics of the
spacecraft point of view. The function of the LFMR is scanning the earth surface and
measure the seasurface temperature. To increase the scanning area the deplovable
reflector spins at 15 r.p.m. The sizes of this LFMR reflector and boom are relatively
large compared to the N - ROSS Satellite itself. So the weight of this boom should be
light. which makes the boom flexible. Bv this reason. there exist certain extent of
detlection at the tip of the LFMR boom and this boom vibrates when this boom is
spinning. Deflection and vibration due to this elastic deformation induce pointing
error of the reflector in elevation and azimuth angle. However there is strict pointing
error requirement of the LFMR. [Ref. 2] Therefore analysis of the flexible LFMR
boom which supports the sensor pavload is imperative for this research.

B. STATEMENT OF PROBLEM

The traditional approach to dynamics of a boom svstem is based on the
assumption that the systems are composed of rigid bodies. Until recently, only a rigid
body motion was assumed for the analvsis. However, the flexible svstem includes a

small elastic deformation as well as a large motion. These small elastic deformations

include bending, twisting and axial extension. Development of a dvnamic modei
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including flexibility demands more accuracy for the system responses. Without
considering these small motion of a boom, we cannot expect a certain accuracy to

maintain a spacecraft attitude and pointing control. [Ref. 3] Recently, efforts have
been made to control maneuvers of mechanical systems which can not be adequately
modeled using a rigid body assumption for all or some of the system components,
especially in the fields of satellites, [Ref. 4: pp. 257-264]

Therefore, the development of a good dynamic model of a flexible system, an
efficient dynamic equations formulation method and a good dynamic simulation schem
are essential for the analysis of and identification of potential problems in the flexible
LFMR system.

C. THESIS OUTLINE

In Chapter II, the development of an analytic model for the Lower Frequency
Microwave Radiometer ( LFMR ) reflector boom in 3-dimensional motion is described.
The large motion due to rotation is described bj/ an equivalent rigid boom motion and
elastic deflection of a flexible boom reiative to the equivalent rigid boom motion is
expressed using the mode superposition technique. The dvnamical equations for this
model are formulated using the Lagrange’s method.

In Chapter III, The computer implementations for the solution of the obtained
equations are explained. For the modal analysis of the system. NAsa STRuctural
ANalysis ( NASTRAN ) computer program was used and Dynamic Simulation
Language ( DSL ) was applied to solve the simultaneous, nonlinear, ordinary
differential equations. The LINPACK subroutines DGEFA and DGESL are also used
in the dvnamic simulation.

In Chapter 1V, simulation results are presented to investigate the deflection and
pointing error of the LFMR. Comparisons are made by changing the torque input
condition. The problems considered are 1) the effects of spin-up procedure on the
pointing error of the LFMR reflector; 2) the effect of damping on the settling time of
pointing error; 3) the equilibrium configuration of LFMR booms due to constant
rotating speeds For the comparison purpose. two kinds of material. aluminum ailov
and composite material, were assumed as the LFMR boom materials.

In chapter V, Conclusions are made from the research and some
recommendations for future work in the area of the dvnamic analysis of the flexible
LEMR reflector boom svstem are given.
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II. FORMULATIONS OF DYNAMIC EQUATIONS

A. * INTRODUCTION

In this Chapter, the dynamical equations of motion for the LFMR system which
rotates in three dimensional space is developed. The 2-dimensional planar motion of
the same boom was also studies and are presented in Appendix A. A simple dvnamic
model of the LFMR system is developed for this analysis. The Lagrangian approach
and the mode superposition technique are used for the formulation of the dvnamic
equations of the flexible LEMR system.

B. DESCRIPTIONS OF THE MODEL

The LFMR shown in Fig. 2.1 consists of four structures: a reflector, an upper
reflector boom, a lower reflector boom and an electronics box. The reflector is attached
to the top of the upper reflector boom. The upper reflector boom and the lower
reflector boom is connected by a boom hinge. The electronics box is attached to the
bottom end of the lower boom.

For our analysis. the deployable reflector is modeled as a concentrated mass at

the tip of the upper reflector. We assume the boom hinge which connects the two
booms is stiff and firm and there is no relative motion between the booms atter the
deployment of the LFMR boom. Therefore we consider the whole svstem ( reflector,
booms. boom hinge ) as a one body system.
The LFMR svstem is connected to the Main Bus of the N - ROSS Satellite by a
Spacecraft Boom. The attitude of the N - ROSS Satellite is controilec by a Attitude
Determination And Control Svstem ( ADACS ) verv accuratelv. [Ref. 5] Therefore. it
1s assumed that the spin axis and the base is remain [ixed in the reterence {rame iixed
to the N - ROSS Satellite. The N - ROSS Spacecraft moves on a circular orbit with
the spin axis always pointing the earth center. Hence, the gravitational force is in
equilibrium with the centrifugal force in the orbit plane: the LFMR system is in zero-g
environment. Therefore, in the dvnamic mode! ot the present studies, the reference
frame fixed to the N - ROSS Spacecraft is assumed the Newtonian ( inertial ) reference
frame and the LFMR system is in zero-g environment.

From the above assumptions the dvnamic model of the LFMR svstem is defined

as shown in Figure 2.2. The globai coordinates X, Y, Z :s {ixed :n the nerual reterence

13
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: frame and a moving coordinate x, y, z ( local coordinates ), which is a body fixed

f coordinate system, is defined as shown in Figure 2.2. The body fixed coordinate

i system ( local cocrdinates ) is attached to the base O. The local z-axes and the global
Z-axes are the common axis of rotation. The local x, y-axes and the global X, Y-axes
are in the same plane with angle difference 0.

C. LAGRANGE’'S EQUATION

For any system there must be same numbers of independent coordinates as the degrees
of the freedom of the system to completely describe the motion of the system. The
choice of coordinates is important in dynamic analysis. Such independent coordinates
: are called generalized coordinates and are denoted by the letter q_. For a system with a
set of n independent generalized coordinates q_ (r = 1,2, 3,..... , n ), Lagrange’s
equations are expressed as [Ref. &7]

‘d[arl oT U o ean 201
—_—[—] - —t — = eqn 2.
dt = dq, dq,  Jdq, k

where T is the kinetic energy, U is the potential energy and Qy is the generalized {orces
which is defined as follows

R.
Q = VF — (eqn 2.2)
= ) 9q

The dot over a variable means derivative with respect to time. Fj is the force acting on
particle | and R]- ts the instantaneous position of particle ; and may be expressed in
terms of generalized coordinates

Ri = Ri (dys Qgr Gy corveens vd, ) {eqn 2.3}

and 6Rj is the virtual displacement of the particle.
To describe the motion of the LFMR boom system which composed of a large

slow motion due to rotation and a small fast motion due to elastic vibration. two Xinds

of generalized coordinates are detined. One :s 8 for rotation of boom and others are S

y
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Figure 2.2 Modeling of LFMR boom system.

(h=1,213,..... , n) for A-th mode generalized displacement, where n is number of
modes.

Now Lagrange’s equation 2.1 is rewritten as

d JT arT au
RTI RE R M (eqn 2.4

16




and

= Q, (eqn 2.5)

The external force acting on the LFMR system is assumed the torque t by a
torque motor at the root of the boom. The contribution of this torque to the
generalized forces is Q. = t and this torque does not contribute to Q. Damping
forces are assumed equal to the modal damping value in this analysis. Since the modal
damping values can be measured easily. Therefore the contribution of damping forces
to the generalized forces Q; can be obtained using a dissipation function.

! , .
D=—T250 Y a;(1) (eqn 2.6)
i
o o D
w1 = T —
h aqh

where
Ch: modal damping ratio of A-th mode
@y, the natural [requency ot /#-th mode
My the modal mass of h-th mode

Then equation 2.4 and 2.3 finally written as

d [ oT | aT . au ( .-
- =1 27
dt o0 0 36 eqn
and
d oT aT | oU B .- . o
ot { aqh ] — 5qh + 5qh = T oaey “’th dy reqn 2.8)
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D. POSITION AND VELOCITY
During the rotational motion of the LFMR system, the boom deforms. The
deformed positions of a generic point in the system can be expressed the vector sum of

a vector Ry(x) from the origin to the undeformed position of the point and a vector

W(x.t) which is deflection, as shown in Figure 2.3. The notations show in the Figure

2.3 represent the following parameters:

)

-

0(t):
é(t) :
Ry(x):
Rix.t):
W(x.t):

| I

[

tip mass

mass of electronics box

length of lower boom

length of upper boom

angle between two links

applied torque

angular displacement

angular velocity

position vector of the point on the boom in the local x-direction
position vector of the point on the boom after deformation
deformation vector of boom

unit vector ot local x-direction

unit vector of local v-direction

unit vector of local z-direction

unit vector of giobal X-direction

unit vector of global Y-direction

unit vector of global Z-direction

Then the position vector R(X.t) is expressed us

R(x.t) =

Ry(x) = W(x.0) fegn 2.9)

The undeformed position Rg(x}is represented by its components,

R (x)

o N 0 P oy N Y R R S A g A g A e g e R A A

R‘(X) + Ri(x) fegn 2.10)

Rx(x) i + Rx)k
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Figure 2.3 Parameters of the boom svstem.

The elastic deflection W(x,t) is expressed as the modal sum as follows:

Wy = 3 (050 + ¢J(x) ] + ¢(x) k] qyt) (eqn 2.11)
1
where
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@,(x) i is i-th mode shape function in extension
®.7(x) j is i-th mode shape function in translation

From the equation 2.10 and equation 2.11, equation 2.9 can be rewritten in the form of

R(x,t) = R, (x)i + R(x) k (eqn 2.12)

+ 219 ®) i+ 0¥ + @7(x) k] q(t)
1

' = [R(®) + 0" X) (0 ]i + [ X ¢*(x) (1) ]]
1

+ (R0 + T @i q(v 1k
1

The velocity of the point in the Newtonian reference {frame is obtained by taking the
time derivative of equation 2.12 and appiving the relation between the time derivative

of unit vector i and j,

5 i=0kxi=6j
=0k xj=-0i
k=0kxk=0
' the velocity is
¢
Rix.ty = [ = és @7(x) q(t) + 'f'_ (p.l"(x‘) :l;(t) ]i (eqn 2.13)

1 1
+ [ 9 R (X)+ é Yo q(t) + Yol fqi(t) 1i
1 1

+1X 070 q(v) 1 k
1

E. KINETIC ENERGY

The kinetic energy of the svstem can be expressed by the summation of three
different kinetic energies. One is the kinetic energy of the boom itself, another is the
sinetic energy of the tip mass and the other is the Kinetic energy ot the R.[F electronic

box attached to the origin of the boom.

20
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The kinetic energy of the boom itself is
1 e .
£ Tom ™ — § OR(x.t) ¢ R(x,t) dm

1 L. .
=5 fo R(x,t) ® R(x,t) pdx

where
dm: differential mass of the boom
dx : differential length of the boom
p: mass per unit length
g : total length of the boom
l.l(x,t) : absolute velocity of the points on the boom.

The kinetic energy of the tip mass is

1 . .
Tl.m = T M R({.t) » R(L.1)

where
M : tip mass
L ]
R(L.t): the absolute velocity at the tip position

The kinetic energy of the R.F electronic box is

| *y
T,=—1 0
rf 2 rZZ
where
Ir : mass moment of inerria for the electronic box
.77 , o . ,
9 : time derivative of angular displacement

Thus the total kinetic energy of the svstem 1s

(eqn 2.14)

(eqn 2.15)

(eqn 2.16)




W

T=Ton * T + Tt

: c!'t tOl.z t) d
_Z-JO (x,t) ® R(x,t) dm

1 . °
+ - M R(L,t) ® R(L,1)

F. POTENTIAL ENERGY

(eqn 2.17)

The potential energy U of the flexible boom system can be composed of the

gravitational potential energy U due to rotation of the system and the strain energy
g _

(or elastic energy) U of the boom due to deformation. But in our model analysis, we

exclude gravitational acceleration and only consider the strain energy. The potenual

energy was determined by the work done by the static weight in the deflection. This

work is, of course , stored in the flexible flexible boom system as strain energy.

In this thesis, we apply mide summation method to expand the deflection in terms of

the normai modes of the system. The deflection of a boom without any external {orces.

satisfies the lollowing equation of motion. [Ref. 7]

[EIW (x) ]" + pW(x.t) = 0

where
p: mass per unit length
El: flexural rigidity

(eqn 2.18)

and ° represent the derivative with respect to X. The normal modes @;(x) of the boom

must satisfy the equation

[ Elgy"(x) " = (oiz pPix) =19

22

(eqn 2.1




and its boundary conditions. The normal modes @;(x) also satisfy the orthogonality
relation

t
f oPi(%) 9j(x) dm = 0 (for j=i) (eqn 2.20)

= \41 ( for ] = 1)
where M; is the generalized modal mass of the i-th mode.

As expressed in Appendix A, the deflection of the boom in the equation A.d for
the general form is

W= X 0;(x) i(t) (eqn 2.21)
1

and the generalized coordinate q;(t) can be determuned by applying Lagrange’s
equation after setting up the kinetic and potential energies.

Now the potential energy can be expressed as

c.
]

¢
f OEIW"z(x,t) dx (eqn 2.22

Nl — [

PICH q,j Elg;"(x) ¢;"(x) dx
i

Multiplying the both sides of =quation 2.19 by (pj(x) and after integration for the whole
boom. equation 2.19 becomes

¢
§ 00 [ELg;"(x) ] dx (eqn 2.23)

N 4
= o jo(pi(x) ¢;(x) dm
After integration by parts and using the boundary conditions, equation 2.23 becomes

€
jOEI L@ (x) ¢;(x) ] dx (eqn 2.24)
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.
= w0 o?i(¥) @j(x) dm

From the orthogonality condition, the equation 2.20 and from equation 2.24, the strain
energy in equation 2.22 becomes

1
—Z 2\ ql(t)" (eqn 2.25)
i

(28]

Y

G. DERIVATIONS OF EQUATIONS OF MOTION
From the equation 2.13, the dot product of R(x,t) is

RexDoR(D = [ = 8T 08 () + T 00 &(v 2 (eqn 2.26)
1 1

+ [BR (x)+ ef‘_ @ (X) gty + Y. @ (x) E{i(t) 12
1 1

+ T o0 g 1

1

62| T 97(x) qv) 1+ [Z 9.5(x) q(1) 12

1

- GS (mqm‘"(p (‘()q(t)
1 l

+ m292+92(“¢ (0012 + [T 0fx) g0 12

1 l

+ 2R (002 (0 + 20 T 950 40 T 07 (x) &0
i

+ 2R (x) 0 : Y .';l(t) + [: (pi’(x) :li(” ]2
i 1

(1
D

[{ Y o) qun 12+ (Y 9 x) q(0) }* + (X 0% qi(t) 12
1 1 1

+ [{V(p (‘()q(t)" + ’V(p‘('()q(t)“' + ‘v(pz(‘()q(t)“']
1 N 1
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.....

= 20Y 970 ¢ Y 9 (x) q(t) + R “(x) CE
1 1

+2Ryo@2¢ﬂw%m+252¢ﬂnu02¢ﬂnﬂo
1 1 1

[ ] . _ . 2 2
+ 2R ()8 0Y(x) qt) = 8 (¥ 04(x) (1) }
1 i
Substituting equation 2.26 into the equation 2.17 and apply orthogonal relationship

¢ . . o,
] o! @.5(x) 9,5(x) + ¢/(x) 95(x) + @(x) 9*(x) } dm (eqn 2.27)

+ M {050 058 +¢7(8) 97(6) + 078) 0,0

0 (for iz7j)

M, (for i=j)

then the Kkinetic energy is

(eqn 2.28)

. . 1 ’
=8 Yo g0l e ¢ dm + M of(0) 9,0 | i
i

—

€2
[.[0 R “(x)dm + M R (D)

. 14
b} R |
- 8- S 40 [ 50 R %) @(x) dm = MR (D) ¢.5(D)
l

+
D
-1

A} > ¢ X v X v
> Y g g0 j;) @;%(x) @7 (x) dm + M @ () 5 0) |
]

1

. . | e ' '
+ 8T o [ R0 07 x) dm = MR (0 (D]
1

. ¢
9 -
— Ot Do qn it MG T el g0
! {
L e
4 e— =
2 Tz
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By applying the kinetic energy and potential energy expressions ( eqn 2.25 ) and ( eqn
2.28 ), to the Lagrange’s equations 2.7 and 2.8 then equations of moticn will be
reduced as follows. The detailed derivation process can be formed in Appendix B.

- ¢ s
01 g2 M, + f, R0 dm + MR ) (eqn 2.29)
1

¢
+2¥ g0 { j R,(x) ,%(x) dm + M R (8) 9.%(?) }
1

- 24§ ZcoZ(x>q(t))2+\4< ¢Z<£)q(t))~+x |

1

‘g D gy W AR

+2 9 z qi(t) ( qi(t) Mi + fo RX(X) (pix(x) dm + M Rx(m (pi,((z) ;
1

4
= 2L 30 {97 97(x) dm - M (8 9(0) } |
]

. ¢ :
- a1 Y a0 fo 00 070 dm + M ¢(D) 9%(®)
i

¢ .

| @0 @) dm = M 9 (D) ,%(8) )
R .

= § Rd®) 000 dm — MR (D 9(0) | =

; 4
. (t) M, + 9[ q(t) { ,; ¢,%(x) @ Y(x) dm + M @. %O ®,7(0) (eqn

i

IJ

30)
- ’ ¢ ¥ () (Ph' )dm - M p"(m P, (8) :
0 i-(‘ . (X) T ( i' N h ' !

4
+ jORx(x‘) @, (x)dm + M R (D) 9, %(?) |

+
@o

: (1) [ _‘ (p (X) @ *(x) dm + M @50 @, ¥(0)
i

¢ . .
- _[()(pi-‘(x) P, () dm = M @.¥(0) @, *(€) ]
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¢
- 2 (g0 M, = f R,(x) () dm = MR,(0) X

L
+ 2T g0 {§ 950 9,'(x) dm + M @D 9,%(D) )]
1

+ mzh M, q,() =0

Now let’s define the following quantities:

Mg = [T a0 M, + Ockf(x) dm + M R ()

1

e
+ 2 qt) {f R(X) ¢7(x) dm + M R (1) ¢;(8)} -
1
¢
= 2(f (T eXqt ) + M(T @i qm )* + 1, |

M \,|+‘CR ¥x)dm + M R (D) ¢.%(¢
-Bq;'zlqi(”‘i j() (X @X(x)dm + M R (0) 9,%(8) }

M

4
= 2X g0 {f 970 9%(x) dm - M @(8) (1) } |
]

¢
g = T LT GO f e 9fx dm + M oD @0

! 1

c hY v )
- jotpi-(x) (pj“(x) dm = M @0 (pi‘(h‘.

c y »
- 50"*.‘(") @F(x) dm = M R (D 95(0) ]

4 , .
Mgy = [T 40! j()(p.l-‘(xuph-‘(x) dm + M @X(8) @, 58y

1
¢
- j‘o(piy(x) @, (x) dm - M @¥(0) 9, X(D) }

¢ , :
+ R0 @) dm + MR (B 95D ]
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¢
Mog, = 21§ P 07(x) dm + M @50 ,7()

4
= §,0/(0) 9,%(x) dm = M 97(6) 9,%(0) ]

- ¢
Fe = 021q0) M; = f R(x) 9x) dm = MR,(0) ;%)

¢
+ 23X 40 (§ 070 9,*(x) dm + M 9%(0) 0,%(D) }]
1

Fe = Ma,? )

Then equation 2.29 becomes
Mg 8 + Mgy 6 Y gt + Mg (1) = : (eqn 2.31)
and quation 2.30 becomes

Mg, 8 + Mg 8 ¥ a0 + My qv) = Fe +Fe =0 (eqn 2.32)
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IIl. COMPUTER IMPLEMENTATION

. A. INTRODUCTION"
To solve the equations of motion, two computer program, Dynamic Simulation
Language ( DSL ) and NAsa STRuctural ANalysis ( NASTRAN ) program are used.
NASTRAN is a general purpose digital computer program for the anaiysis of large
1 complex structures. [Ref. 8] This finite element computer program was used in the
modal analysis which determine the mode shapes, generalized modal mass. generalized
stiffness, natural frequency of the LFMR model. Then these properties directly
inputed to the DSL program to get a set of solutions.
DSL is an IBM/VS FORTRAN-based simulation language for digital simulation of

continuous system. [Ref. 9] It is one of the most effective for the solution of

VT Y KK

continuous modeling and simulation problem with computational power (automatic
double precision and accurate timing), whether the problem is time based or not.

For the integration method to solve simultaneous nonlinear second order coupled

T XX

ordinary differential equations, Runge-Kutta method was chosen. Runge-Kutta fifth

order integration method ( RKS5 ) is self-starting, stable and automatcally determine
the step-size but this needs excessive computer time.

Two different cases are analvzed. One is the LFMR boom made of Aluminum
Alloy and the other is the LFMR boom made of [sotropic Graphite Epoxy composite
material ( T300/3028 ( O,’90,“45/--45)S ). The mass distribution of the two cases are the
same. Therefore the boom model of graphite epoxy composite material was stiffer since

the mass densitv was linear.

B. MODAL ANALYSIS
As previously mentioned, we consider our model as a one body system and we
don't need any compatibility conditions which is necessary in multibodv dvnamics. For
the modal analysis we equally divide the whole boom with fourteen grid points. Figure
' 3.1 shows Finite element model of LFMR boom. As the number of grid points
increases we can get more accurate results. But Degrees ot Freedom ( DOF ) of the
system also increases. Fourteen grid point is sutlicient for our our analyvsis.
In the modal analvsis of the boom . Modified Given's method ( MGIV ) was

applied and for the purpose oi simplifving the equation of motion we normalized rhe
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mode shape such that the generalized modal mass equal to unity. From the
relationship of the generalized stiffness, generalized modal mass and natural frequency,
the generalized stiffness K; is

R . . . = m.2 .
Kl (!)1 Ml

and reduces to

Onlv the first 2 modes were needed in the 3-dimensional dynamic analysis with
sufficient accuracy.

- g s AR et

NASTRAN program is shown in Appendix C and some outputs are tabulated in
Table 1 and 2 for 3-dimensional motion. Figures 3.2 and 3.3 show the first and the
second mode shapes for three dimensional motion. In Figures 3.2 and 3.3, the left side

e b e oh A

figure is the projection to x-z plane and right side figure is projection to v-z plane.
The first mode shape shows there is no in-plane vibration and the second mode

; shape shows there is no out-of-plane vibration.

‘ TABLE |
v REAL EIGENVALUES OF ALUMINUM ALLOY (3 D)

mode radians cycles generalized generalized
A no. o; ; mass( M) stiffness(K,)

: 1 3.384515E+00 | 5.386623E-01 1.000000E + 00 1.145494E + 01

2 3.568821E+00 | 3.679954E =01 1.000000E + 00 1.273648E + 01

C. DSL PROGRAMING
DSL was implemented for the solution of a set of simultaneous, nonlinear,
second order, ordinary differential equations. DSL oilers a new simulaticn tool that
speeds problem analysis and solution for a wide variety of application. It is adopted for
3 simulation because it requires less skillful time f{or problem analysis and provides
quicker, more comprehensive plotting through GRAFAEL and sophiscated line or
print piot. These advantages can transiate directly into higher productivity and cost
savings.

IR S f.‘f“- o r‘f Wy ffJ'ffvf 2 P -
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TABLE 2
REAL EIGENVALUES OF COMPOSITE MATERIAL(3D)

mode radians cles . eneralized eneralized
no. o ' cymi gmass(l.%li) gtirﬁ'ncss(l(i)

1 4.287485E+00 | 6.823744E — 01 1.000000E+00 | 1.338253E~0l

2 4.461334E+00 | 7.100433E~=01 | 1.000000E+00 | 1.990350E + 0l J

DSL is a high-level continuous simulation language which incorporates VS
FORTRAN as a subset. Because of its tremendous tlexibility, DSL facilitates the
solution of nearly all priblems involving time-dependent differential equations. Thus
DSL readily assists in the dynamic analysis of transient behavior of dvnamic svstems.
Also DSL is easily learned and applied to many problems in science, engineering,
mathematics and management. Coding is simple, execution is rapid and results can be
displayed graphically. For any one involved in simulation modeling DSL otfers
increased power for faster problem soiving and the user choice of nine integration
method ( fixed-step, variable-step, variable-step & variable-order method ).

In our model analysis, Runge-Kutta fifth order method ( RK3 ) was used because
it is self-starting, stable and provides good accuracy. To code the equations of motion.
the equation 2.31 and 2.32 have to be rewritten as follows:

Mg 0 + .\«Iqi g =1t - .weie RG] (ean 3.1}
and equation 2.30 becomes

Mg, 0 + My q(v) = Fe = Fe = Mga, 8 ¥ qu) (eqn 3.2)

(h=1,23,....., n)

Two ways solving these systems of equations are shown. One uses matrix algebra and
utilizes subroutines from the library LINPACK, the other uses subroutine REGULRA
provided by DSL. For our svstem analvsis we select matrix algebra because it is casv

to use for iarge numbers of variables. |
|
|
\
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Figure 3.1

Finite eiement modei of LFMR boom.




Figure 3.2 First mode shape.
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Figure 3.3 Second mode shape.
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Using matrix notation, the equations 3.1 and 3.2 may be rewritten as
IMJ{X} = (1}

where the matrices M, X, and f are defined as follows:

- -
Mo Mql .............. qu
Mel \41 ) 0
Mg, 0 M, O0....... 0
(M] =
L\-den 0. RN Mn_
) W
4y
- a
X)) = < >
L In 2
r‘! - .\/qui N
Fe, = Fe, = Mo, 84
(f) = 4 >
Fe = Fe = Mga,04q,
~
Then
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(Xy=(M1"1(r)

and by successive integration of { .{ }» the solution vector may be obtained. Since the
elements of the [ M ] and { f } matrices are time dependent, the { .‘(. } vector must be
computed at each integration step. A matrix decomposition subroutine ( DGEFA )
using Gaussian elimination and a subroutine which uses this decomposition to solve a
matrix equation ( DGESL ) are called directly from the LINPACK libraryv. Because
DGESL returns the solution vector { .‘{. ; in the right-hand-side vector f, the vector
name { SE } does not appear explicitly in the program.

The coefficients of [ M ] and { f } matrices are calculated in each time step. 0, q;
(1=1.23,..... , n ), deflection and slope at the tip position in each direction were
calculated at each time interval of interest. The graphs of these variables vs. time were

also obtained. The computer program for dynamic analysis is coded in Appendix D.

-

J
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IV. RESULTS AND DISCUSSIONS

Computer simulation was done in four areas for double link boom system in
three dimensional motion to investigate the equilibrium configuration and the vibration
amplitude of the tip position. The effects of the spin up procedure on the pointing
error of the reflector is studied; the first analysis was the comparison of the three
different torque histories by maintaining magnitude of torque until rotating speed of
boom reaches to 15 r.p.m. Secondlv the magnitude of appllied torque was changed in
three cases for one of three torque applving methods above. The effects of structural
damping of the boom on the settling time is also studied bv changing the modal
damping values. The magnitude of the deflection and slope at the equilibrium
conhguratxon at three different rotating speeds are investigated bv simulating {ree
motions of the svstem with the three different initial rotating speed and undeformed
configuration. Also some comparisons were made for double link {lexible boom svstem

in planar motion in Appendix B.

A. MATERIAL PROPERTIES AND PARAMETERS

For the comparison of the computer simulation resuits, two kinds of material were
chosen. One is Aluminum allov 06061-T6 (99° Al-1% Mg) and the other is an
Isotropic Graphite-Epoxy Composite material (T300:5208 (0,90;45/-45)g). [Ret. 10]
Same mass. same length of each 'ink, same outer diameter was used for these two
materials. Size of the clectronic box is [ {t. cube. The properties of the materials and

some geometric parameters are given in Table 3 and Table 4 respectiviv.

B. EFFECTS OF TORQUE APPLYING PROCEDURE

Three cases of torque applving method were chosen without damping for
comparison. To maintain 135 r.p.m of rotating speed. we select the maximum magnitude
of torque is 10 lbs-in. This value mayv be appropriate to maintain I3 r.p.m in 20 10 30
seconds.

In the first case. 10 Ibs-in torque was abruptly applied {rom the begining. This
method is uniikely in the real situation but we chose this case for comnarison purpose.
In the second case, torque was parabolically applied until reaching 13 r.p.m then cut
off abruptiy 0 0. Finuily torque was appiied same manner as cas¢ TWo “ut inear(y

decreased to 0. Figure 4.1 shows three dillerent spin-up schemes.
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TABLE 3
BOOM PROPERTIES

PROPERTY

ALUMINUM ALLOY

COMPOSITE

specific weight (v )

0.0980 b in>

0.0588 1b in>

modulus of elasticity ( E )

19.1E + 06 psi

10.1E + 06 psi

modulus of rigidity ( G ) 3.7E+06 psi 4.1E+06 psi
poisson’s ratio ( Vv ) 0.360 0.230
outer diameter ( ) JO0in 3.0in

inner diameter ( r4 )

27312 n

thickness ( t )

0.1344 in

cross area ( A )

1.21012

2.0168 in~

mass per unit length ( p )

3.0690E-04 Ib in

3.0690C-04 1b.in

area moment of inertia ( 1)

1.2447 in?

1.9451 in?

polar moment of inertia ( J

) 2.4894 in?

3.8902 in?

In these three cases angular displacement 6 was changed parabolically as shown
in Figure 4.2 while torque is applied, then linearly increased as torque was cut otl. The
cases B3 and C are almost wndentical and overlapped in the [igure 4.2, Anguiar
dlsplauemcnt was equally increased with time for aluminum alloy and gomposxte
material because total system mass is same. As shown in Figure 4.3, angular velocity 6

varied linearly with some oscillation in the begining for the tirst case because torque

was suddenly applied, then it gradually decreased until reaching 13 r.p.m. Alter cutting
ofl' applied torque, t'.) oscillates periodically because the boom deflects to the positve x-
direction and the concentrated mass center moves to the rotaung axe<. this means
radius of rotation decrcased and moment of inertia also decreased. [rom the

conservation of angular momentum,

Hy=m r2 0 = constant
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TABLE 4
GEOMETRIC PARAMETERS

PARAMETER VALUE

{, : length of lower boom 168 in

K €, ; length of upper boom 14 in

a ; angle between Cl and x-axes 70°

I

B : angle between € and €, 126°

i M ; tip mass ' 37.5 lbs

- m, ; mass-of R.F electronic box . 30 Ibs

L]
. . . . . - ‘ ~
So as the tip position changes, 0 varies with reciprocal of’ r=. Therctfore angular

velocity oscillates periodically.
L

e Sl e

In case two and three, 8 increased smoothly without oscillation unul reaching (5
r.p.m then 1t had reluatively smail oscillation as soon as torque was removed graduallv.
Figure 4.5 shows the angular velocity of the Aluminum Alloy boom in magnified scale.
[For the composite material as shown in Figure 4.4, magnitude of oscillation was much
smaller than that of aluminum alloy so it looks no oscillation. But magnilied angular
velocity of constant part shows obvious oscillation in Figure 4.60. 1 ares 4.7 - <10
show the variations of the gencralized coordinates ¢, and y, respectively.

During rotation deflection in x-direction was donunated and Jetlecuion center
reaches 1o its equilibrium position in X, z-direction then osallutes harmomceally as
shown in Figures 4.11 and 4.12 but displacement in y-direction was rupidly increased at
y the begining then decreased gradually to 0 and as soon as apphed torque wus removed
it oscitlates harmonicully as shown in Figures 4.13 and Figure 4,14,

' Characteristics of displacement and slope at the tip position 1s very sinular to 1its
generalized coordinates, and the generalized coordinates q, in Figures 4.9 and 4.10 was
donunated for the system deflection. Displacement in z-direction was shown in Figure
4.15 and 16 for two material booms. Displacement and slope change as shown mn

[igures 417 - 4.22 was apparentdy Jdilferent (rom case A\ und case B out atter cutting
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off the torque its characteristics of deformation was not much different. For the case
three deflection and slope increases smoothly while torque is applying then as torque
was removed it reaches its equilibrium position and oscillates with small fluctuation
error.

Figures 4.11 -4.24 show displacement and slope at the tip position in each
direction for aluminum alloy boom and composite material boom.

As we mentioned previously, we are mainly interested in the pointing error at the
tip position in both elevation and azimuth. For the composite material boom, all 3
cases were satisfied the pointing error requirement ( elevation and azimuth angle error :
0.0328° ). But for the Aluminum Alloy boom. torque applying case A and case B were
not satisfied the elevation angle error requirement. Figures 4.19-4.22 show the
characteristics of elevation and azimuth angle variation, and in Figures 4.23 and 4.24,
the effects of torque applying procedure are compared. From these results, pointing
error at the equilibrium position depends on torque removing procedure. As we see in
Figures 4.23 and 4.24, pointing error in case A and case B is almost same but it is very
different in case C and pointing error varies more sensitively with flexible material as
torque removing procedure varies. Consequently, if we apply the torque more gently
and remove slowly with sufficient time, the pointing error both deflection and the slope
can be reduced to much smaller values.

C. EFFECTS OF CHANGING MAGNITUDE OF TORQUE

In this section we investigate the effects of the maximum magnitude of applied
torque. For the simple comparison, we select second case of torque applying method
used in previous section. Magnitudes of torque chosen are 10 Ibs-in, 20 bs-in and 40
lbs-in as shown in Figure 4.25. As the magnitude of applied torque increases J times,
applving time was reduced to almost one third. All characteristics are same as the
second case of previous section for 3 cases shown in Figures 4.26-4.36 but magnitude
of pointing error increased linearlv as the maximum torque increases as shown in
Figures 4.37 and 4.38. Figures 4.26-4.43 show angular displacement. angular velocity,
gencralized coordinates, displacement and pointing error for the boom made of

Aluminum Alloy.

D. EFFECTS OF DAMPING COEFFICIENT
In this section, we will investigate the damping effects for settling downa the

vibration of the doom. As we menuoned betore, in the 3 cases ol torque applving
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procedure, the second case did not satisfy the peinting error requirement in elevation

angle. We will not mention about the first case because it is unlikely to be used in real
situations. For the comparison purpose, we arbitrary choose 3 modal damping
coefficient such as 0.2 %, 0.5 % and 1.0 %. To see the results more clearly, we
simulate the model in 200 seconds. Figure 4.39 shows the spin-up procedure used in
this analysis. Figure 4.40 shows vibration settling down ratio during the first 200
seconds. In this Figure, it is hard to recognize the etfects of all 3 cases but in Figure
4.41, we can clearly see the vibration settling down for each case.

Two trials were made for investigation. Firstly, we tried to {ind how much
vibration was settled down in 200 seconds for each damping coeflicient. Secondly, we
found how much time was required to meet the pointing error requirement {or cach
case. Figure 4.42 shows elevation angle pointing error decreasing ratio in 200 seconds.

Each value stands for magnitude of pointing error ratio to its initial value which is the

magnitude of pointing error without damping. As shown in Figure 4.42 pointing error.

decreased exponentially as damping coetficient increases linearlv. Figure 4.43 shows
desired time to meet pointing error requirement for each damping coetlicient. As
damping coefficient increases linearly, desired time decreased exponenuaily.
T{){EE EQUILIBRIUM CONFIGURATION AT DIFFERENT ROTATING
Initial conditions were given for 3 cases such as 5 r.p.m, 10 r.p.m and 13 r.p.m

n/

with damping coetficient of 2 ™. From this result, we could investigate the magnitude
of deflection in each direction and slope at the tip position. Figure 4.45 shows angular
velocity ( rotating speed ) variauon with time. :\s the :niual rotating speed increases
magnitude of oscillation was uiso increased and the rotating speed at the equilibrium
state also increased. As we mentioned in section B, angular momentum is constant in
the system since no externai torque is appiving. Theretore as the poom detlects to the

positive x-direction, radius of rotation dJecreases so angular velocity increases

consequently. Figure 4.45 shows elevation angle change and its magnitude of

fluctuation change. s the magnitude of imual speed increases linearly, clevation angie
change and magnitude ot {luctuation increases exponentally. This result is shown :n
Figure 4.47. Magnitude of detlection in x-direction and z-direction was also increased
as the rotating speed increased as shown in Figures 4.47 and 4.48 respectuveiv. This
effects was more sensitive for the flexible material boom. The oscillation of azimuth

anule centered at 1.
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l Figure 4.3  Anguiar velocity vs. time ( AL. ).
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Figure 4.8  First mode generalized Jdisplacement vs. time ( COM. ).
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Figure 4.27 Angular velocity vs. time ( AL. ).
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Figure 4.46 Elevation angle change at the equilibrium position vs. rotating speed { AL. ).
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Figure 4.47 Deflection in x-direction vs. rotauing speed ( AL.).
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Figure 4.48 Delflection in z-direction vs. rotating speed ¢
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V. CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

The purposes of this research are to investigate the the effects of the flexibilitv of
the LFMR boom on pointing error of the reflector in elevation and azimuth angie and
to identify the parameters which are important in pointing error. [n this study, the
effectiveness of the application of Lagrange’s method and mode superposition
techniques, computer simulation techniques are also investigated.

The results indicated that the Lagrange’'s method and mode superposition
technique was very effective for this double link boom model analysis. The effects of
flexibility of boom was sufficiently expressed with few mode and the boom flexibility
was very affective in pointing error. As the material becomes stiffer with light weight,
its pointing error becomes smaller. The torque applying and removing procedure is
very important to the magnitude of pointing error. [f we apply the torque gradually
until reaching desired rotating speed and remove slowly with sufficient time. we can
reduce the pointing error to much smaller values within requirement. The vibration
settling time decreases exponentially as modal damping coeflicient increases and the
pointing error is linearly dependent on the magnitude of applied torque. The deflection
in each direction and elevation angle change in equilibrium condition increase
exponentially as the rotating speed increases. Sensitivity of deflection depends on
flexibility of the boom.

B. RECOMMENDATIONS
In this research. we regarded the deplovable reflector as a concentrated tip mass.
In this case. we don't need consideration of the flexibility of the reflector but in actual
model the flexibility of the reflector will aftect the accuracy of the pointing error.
therefore flexibility of the deplovable reflector has to be considered for the future work.
As we have seen in the comparison of two material boom, the flexibility of boom
was very affective in the pointing error. Stifler material with light weight will plav

important role in the reduction of pointing error of the flexible boom.
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APPENDIX A
DERIVATIONS OF THE EQUATIONS OF MOTION

In this Appendix, we develop simplified dynamic equations of motion for 2 cases
of the boom system with tip mass.

The large motion caused by rotation and the small motion created by elastc
deformation will be expressed by generalized coordinates then apply Lagrange’s
equations to develop the equations of motion. In these analysis, the local rotary
inertia and shear deformation of booms are neglected.

From the equations 2.7 and 2.8 Lagrange’'s equations are

d{b
dt ¢

T ] ot + oL T (eqn A.1)
- = € .
) 0 0 e

and

] - + =0 (eqn A.2)

0: the generalized coordinates of the large motion
qy, : the generalized coordinates of the small motion
applied torque to the system

n: number of modes (or number of degrees of freedom)

1. SINGLE LINK BOOM SYSTEM IN PLANAR MOTION
a. Geometry of the system
In model analysis, since the extension deformation is ncgligible, oniv the

hending Jetormation 1s constdered in the analysis.
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Figure A.1 Parameters of the single link boom system.

M tip mass

m,: mass of electronics box

¢ length of the link

T: applied torque

e(t) : angular displacement

é(t) : angular velocity

R (x): position vector in local x-direction
Wix,t): deformation vector of boom
R(x,t) : position vector of the point on the boom after deformation
i: unit vector ot local x-direction

i: unit vector of local y-direction
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k: unit vector of local z-direction

iy : unit vector of global X-direction
§o unit vector of global Y-direction
kg : unit vector of global Z-direction

b. Position and velocity
During rotation the boom deforms and the positions of any point in the
system can be expressed the vector sum of a vector R (x) from the origin to x and a

vector W(x,t) caused by deformation. Then the position vector R(X,t) is expressed as
R(x,t) = R (x) + W(x.t) (eqn A.3)

where R (x) is only X dependent variable

SO
R (x) = R (x)i

and W(x.t) 1s deformation obtained from modal summation method
then

W) = ¥ g,(x) gt feqn 2.21)

where

@,(x) is i-th mode shape function

q,(t) is i~th mode generalized coordinates

If we consider the deformation of the boom consists of translation and extension. then

equation 2.21 becomes

Wixt) = ¥ o) gt i + 95 gt reqn \.<)
i

where
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@,%(x) 1 is i-th mode shape function in extension
(piy(x) j is i-th mode shape function in translation

From equation 2.21 and A.d the position of the point on the boom is

Rx.) = R(X)i+ Y [05x)i+ @¥x)i]qt)

i

(eqn A.5)

Now the velocities of the point on the boom is necessary to formulate the

Kinetic energv to apply Lagrange's equation. The velocity is obtained by simply

differentuating the equation A.3
then

ROGH = R0+ Y00 + 0501150

i
+ Y10+ 970 1] gt
i
=[R, + Y o X q i+ ¥ ¢)(x) q(t) j
i i
+ T1o 0 qmi +ofxg i |

But time derivative of unit vector i and j are

; 9k><l=éj
j= BkX; - Bi
k=06k x k=

substitute these quantities to the equation A.6 and simplify
then

Rixt) = {R. = L oXx1qun} 8j— 0F () quu)i
i i
+ oM ad i~ Sofoqn |
i i
= [ ¥ o 5x) g0 = 9"«) (X) g0 ]
i i
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+ RO+ 8T 030 q) + T 05§01

-

c. Kinetic energy and potential energy
Recall the equation A.7 and drop the all terms concerning (p.l“‘(x) and express
9,/(x) simply @,(x)
then equation A.7 reduces to

fz(x.t) = R, éj - éz 0% (i + ¥ 9F(x) (ii(t) 1§ (eqn A.8)

1 1

= =0  g0q0 i+ [R(0)8 = L @) g 1§

1 1

From the equation 2.17, the Kinetic energy of the whole system is

T=T_ + Tlm + Tn. (eqn A.Y)

bm

€. .
50 Ri(x.t; ® R(x,t) dm

I . >
+ == MR(Ly) ¢ R(LY

é:

)y 1 I
2 Tz

but

RixoeR(xt) = [ = 0F g0 q® ) + 1RO+ ¥ gt reqn A 1
i i

=02 E @,(x) qi(t)lz + RX(X)é] 2
i

+ 2 Rx(x,eﬁ_ @.(%) () = [:‘Pi(":h‘\” i
1 1

and
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l"' 90 g0 12 = T 9,20 20 + 2T 9;(x) 9,(x) g 1)
i 1'1

[T emam? = 2 0.2x) 321 + 2 T, 9,00 9,(%) q1)(1)
i 'l

(for izj=20)
Substituting into equation A.10

then

R(x.heR(xt) = 82( T 020 g2 + 2T %) ,(x) q(t) q(t)
i 1]

+ RIX 82 + 2R (%) 6 NLCPE

+ T 020 671 + 2T 9,0 9,(%) (0 §(0)
1 x’]

(for i=zj)

Now equation A.9 can be rewritten as

l

De
tJ

T =

) a0 [ Jﬁ 0.2(x) dm + M 9.2(8) ]
1

(5]

+
@.

27 g (g f «pmwmdm *\hp(t)(p(m
I}

Y c
— ¥ 3201 j’otpiz(x) dm + M ¢,2(0) ]
:

+¥q t)q(t)[f (p (X) @,(x) dm + M @,(6) ¢,(0) |

1']

¢ \
0% jo R %(x)dm ~ M R (D) ]

+
~|_

+ Ei(t)lf R(‘()(P(\)dm+ MR (0 @0 ]
1

96

(eqn A.11)

(eqn A.12)




From orthogonality relationship

¢
) o“’i(x) @;(x) dm + M @y(x) @(C) = 0 (for izj) (eqn A.13)

- = M. (for 1i=17)

)

where M. is the i~th mode generalized mass, then the Kinetic energy of the system can
be simplified as follows

1 b .
T=—0Y¢ oM +—T30M (eqn A.14)
“ 1 2 1

1 .

2
* 2 Irzz6

(4 5

3 [ Io R (x)dm + M R “(D) ]

:i-' .

. 4
+ 80X g0 [f R, @(x) dm + MR (D) () ]

t
i
From the equation 2.25, potential energy is

1
U = — S wiz M, qiz(” (eqn A.15)
i

d. Lagrange’s equations
Substitute equations A.ld and A.15 into equations 2.19 and 2.20 to apply
Lagangie’s equation,
then
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—g_ = 6? qiz(t) M, + 8 [ {: sz(x) dm + M sz(!) ]

; ¢
+ T gl Io R,(X) 9,(x) dm + M R (0) 9,(0) ]
1

L 3
0
Y7z

+1

. ¢
=9 Zl a2 M, + 50Rx2(x) dm + MR + 1]

. 4
+ 2 40| Jo Re(®) 9(x) dm + MR (&) 9,(D) ]
1

d 6T bad - 8 2 -
—_— =0 LSO M.+ (x)dm + M R_“(8) + 1
rrad b ol [‘i;q, (0 M; + f R ) dm URS "
+ 20T 40 g0 M,
1
(1) c
; * L a0 [f R0 @(x) dm + MR (D) 9(8) ]
1

-~ -

at ot d ot

= = = 0
39 60 dt [ 36 !
oT 5
— = 0° g (O M
\ th h h

oT . - .t
T 4y M, + 9] jo R (X) @,(x) dm + M R (D) @(®) ]
h

d aT e Log e
— [ 1=qM M, +08[f R(x)ox)dm + M R.(6) @,(0) |
dt © dq, n x ! : !
98
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n
O .\1h qh(t)

From all these quantities, equation A.l becomes

1

.o 4
0¥ g (M + f, R A(x)dm + M R_*(0) + ) (eqn A.16)
i

+ 20T Qg M, + Vq(n[[ R (%) @(%) dm + M R (0) @() ] =
1 i

and equation A.2 becomes

e[j R (x) @ (x)dm + MR (D) @, ()] + z) M, (eqn A.17)

rJ
l"t

- 82q M, + oM q = - M, 4,.()

' REPRODUCED AT GOVERNMENT EXPENSE.‘

(h=1,23..... )

In the equation A.16 and A.17, if we select n numbers degree of freedom of
the system, that is, if we select » numbers of mode shape, we could have n+ | numbers
of equations.
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2. DOUBLE LINK BOOM SYSTEM IN PLANAR MOTION
a. Geometry of the system

b

REPRODUCED AT GOVERNMENT EXPENSE,
'l

-a

Z &

Figure A.2 Parameters of the double link boom system in planar motion.

M tip mass

m, mass of electronics box

g : length of lower boom

e, : length of upper boom

B: angle between two links

T applied torque

0(t) : angular displacement

é(t) : angular velocity

Ry(x): position vector of the point on the boom in the local x-direction !
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" REPRODUCED AT GOVERNMENT EXPENSE,

1

-ta
-

.......

R(x,t): position vector of the point on the boom after deformation

W(x,t): deformation vector of boom

i: unit vector of local x-direction
j: unit vector of local v-direction
k: unit vector of local z-direction
i : unit vector of global X-direction
i : unit vector of global Y-direction

Ky : unit vector of global Z-direction

b. position and velocity
In this double link system, we have to consider the extension deformation as
well as the bending deformation.
The position vector of a point on the boom was expressed as a sum of R (x)
and W(x,1).

Then

R(x,t) = Ro(x) + W(x,t) (eqn 2.9)
where

Ry(x) = R\(x) + R(x) (eqn A.18)

= R @i+ R},(x)j
From equation A.4 and A.18 the position vector of the point on the boom is

R(x,t) = R(x)i + R(x)j + E [ 9,(x) i+ @¥(x)j]qyt) (eqn A.19)
1

Now by differentiating the equation A.19, we obtain the velocity of the point on the

boom.

l.i(x.t) = R (x) ; + Ry(x)} + S [@,x) i+ @F(x)j] &i(t) (eqn A.20)
i

+ Yo i+ «pi-"(xu’lqi(t)
1
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"REPRODUCED AT GOVERNMENT EXPENSE

-t

1
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Substitute the time derivative of unit vector to the equation A.20 and simplify

then
Rx) = [ = B(R(0) + ¥ 00 q(0) + T 040 &0) i (eqn A.21)
i i
+ 1 R,‘(x)é + é_thi“(x') 40 + Yo%) g0 1]
i i
¢. Kinetic energy and potential energy
From the equation A.21
l.{(x,t) == é { R)‘(x) + S‘__(pi-"(x) qi(t)} + E.(pi"(x) ai(t) i (eqn A.22
1

1

+ RO+ 8T g g0 + L0300 1]
1 1

The dot product of l.!(x,t) is

Nk

", /./.\'f 1'\{.' N ’,-‘.'

Rt o Rx) = [ = 8( R (0 + ¥ 93(x) 4(0) ) (eqn A.23)

1

+ 305 Q12+ | R,(x)8 + 8 Yo (x) q(1) + Y o) q(t) 2
1 1 1

=92 N Ryz(x) + 2R Y @5 (x) qi(t) + { Y 05 (x) g0 1
1

i 1

—28[{R(x)+ E @,%(x) q(1) ) ‘: 9, (x) q(v) ] + [f_ @.%) q(1) 2
1 1 1

+ 2[R Ax) + 2R (x) }: 0 (%) a1 + (L 9Xx) q(0}?]
1

+20(] (R (x) + ‘"(p‘mq(t)}"cpmq O]+ ¥ o0 q 1]
1 1 1

= 63[ .‘sz(x) + R\Az(.\)) + 2 S q(0 T R ()@ Y(x) + R (vt

i

) 3

+ Yo gt + 1T eMx g0}
1 1
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"REPROGUCED AT GOVERNMENT EXPENSE,

1

-
-

+28 Z q,(t) ii(t)[ (R(X) + 07(x) ) 97(x) — [ RUX) + @ (%) ] ¢,%(x) ]
1

F T o0 qm12 + (Y 0¥x q0)?]
1 1

From the geometry of the system

R + R0 = RyA() (eqn A.24)
RO + RAD = RGO

Substituting equation A.24 into equation A.23 and apply the equation A.9
then Kinetic energy is

1 . £ ¢
T = — ORI Im + MRSO + [ (T ef0a0)?  (canA2s)

+ (T of q0)? ) dm + M (( Lo 0 qv) )2
1 1

+ (T 9f(t) q0)*)
1

¢

+2X g0 {f TR0 90 + R(x) 9f(x)) dm
1

+ M (RO @X0 + R(D () } ]

1 4 . e
+ 1, LT 00§ 2+ (L 03 §(v))? } dm
1 1

+

MUY eX0 1) + (T e¥0§0)?)}]

1 1
‘o e . )
+0Y g jO{ Ry(x19Y(x) = R(x) ¢%(x) } dm
1
+* MR (DM — R (DX }

( .
+ S q;(0 { _(“( @ ") 9 (%) = 9 (%) %8 dm
J
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' REPRODUCED AT GOVERNMENT EXPENSE,
1

-t
N

+ M0%0 7)) — 0D ¢ND) } ]

+ —l-l 62
2 Iy

Now let’s apply the orthogonality relationship

¢ _ .
JoL 500 900 + @50 ¢f(x) } dm (eqn A.26)

+ M{o D@ D+ ¢f (i) =0  (for izj)

=M (for i=j)

to the equation A.26 then

1 o4 £
T=— 82 jo R 2(x) dm + M Ry%(®) + iﬁqﬁ(t) M, (eqn A.27)

¢
* 2 X g0 (R0 @) + Ry(x) 97(x) ) dm
1

+ 2M( R (D)o D + R'\.(t)(pi-"(t))} + l,zz]

+

b . 2
+0Y qf ol Ri®) @70 = Ry(x) 9(x) } dm
1

+ M RO @ () — R(E) 9() )

+

¢ , .
‘_“l_qjm (50 970 970 = 90 ¢(1)) dm

M9 D90 = 9D 90)) ) ]

From the equation 2.25, potential energy is
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"REPRODUCED AT GOVERNMENT EXPENSE,

1

-
-

(5]

R

d. Lagrange’s equation

Apply Lagrange’s equations A.1 and A.2

then
aT o
o
ot U ,
= 2(x)dm + M R.- ¥ q.2(0) M.
-5 O[LRO (x) dm + M Ry~(0) + ;._ql () M,
+2¥ q <R (x) 9X(x) + R(%) 9(x) ) dm
l
MR QMO + R(OOAO) ) + 1 ]
+Y4 (t)lj (R0 95(x) = R(x) 9;%(x) } dm
l
+ MIR(D (8 = R 0D )
¢ _ .
* qu,m (ol 900 07(x) = 97(x) 9X(8) ) dm
* M0XD e ) - 950 9%(0))} ]
d (3T oo t 2 ) -
—_———]= ) . c ¥ q.c(t) M.
e GILRU(X)dm+VIRO(BHi_q,(t)VI,

¢
2X g0 { IR, 9 (%) + Ry(x) ¢%(x) ) dm
1

M( R (D@ €>+R(f)w‘(f))}+l I

De

5
-

S Gi(t) q(0) M,
i

. L .
gt J (R(®) 950 + R(x) 97(x) ) dm

I
De
-—l/]

(eqn A.15)
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L e .
+ T a1 { R 97 (%) = Ryx) ¢(x) } dm
1

+ M {R(D ¢ (D) = Ry(0) 9%(0) }

¢ . . ‘
+ quju) (070 070 = 950 ¢(D)) dm

+ M9 D@D = 9D @) )]

el ¢ d cu

rveaiaiiary.aulie [—=—1=0

co 0 dt co

5 i ] C X Vion

— = 0-[q (1) M, + (R (X)@5(x) + R (X) 9}(x)) dm
oq, 0 - ;

+ M {R(O N + RO ML)} + lrzzl

« . [} ' '
+ 0T g1 (0,50 0(x) = 9,%(x) @"(x) dm
]

+ M (9,0 @M — 0,50 9 8} ]

oT

cq,

. ¢ '
=00 (R @) + R(x) 9 "(x) ) dm
+ \’i ( Rx(c) ‘Ph\(t) = R)(t) (phx( e) }

¢ | |
+ a0 (000 04" = ¢}(x) 9,%(D) dm
}

+ MLQNO MO = @ D@ )} ] + g0 M,

d 8T e 0 ‘ .
—dt—[ & ]=0] ‘(U: R (x) @8 (x) + R (X) @ (x) ) dm

+ M R(De5O-R (O 50}
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¢ _ .
+ E_;qj(t) L9700 @500 = 9710 @,7(D dm
+ M {9 D@0 = ¢ (O @D} ] + gy My
0 v * ¢ X v v X
+0 — Qj(‘) [ 50{ (Pj (x) (‘ph(\) - (Pj'(.‘() (Ph' (X) \1 dm
1

+ M@XD @ (0 = ¢ (B @ (D] + qp(1) My,

-
-, M, q,(t)

Plug these quantities in the equation A.l
then
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P

[ X ) c
o], R20) dm + M RO + ¥ gl M,
1

£ »
+2 S q(0) { 50( R (%) ¢;*(x) + R (x) ¢¥(x) ) dm
1

+2M (RO QXD + RAQID)) + 1 ]

Do

- D

Y Q0 g0 M,
1
i .
+ zeiiqxn(;j (R (x) ¥ (x) + R(X) 9¥(x) ) dm
£ 2M( RO QXD + R (DGO} + I, 7]
2z

*0 2 .
+ ‘; q,(0 Sof O (X9 ¢} (x) 9(6) } dm

)
+ Mo D5 D — oM Do) =t
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and the equation A.2 becomes

e[j R, (x) @,%(x) + R(x) ¢,"(x) ) dm (eqn A.29)
+ M R(D 9 () - Ri(D) 0,%(D) }

¢ . .
* I g0 {f (0% 0" (%) = () 9,%(D) dm

—

+ M {QNO @D — 95 (D 9N } ] + Gy(v) M,
. { )
- 02 [q M, + [ of Rel®) 9,500 + Ryx) 9,50 ) dm

+ MAIR(D %0 + R o ¥ (D))} ]

" REPRODUCED AT GOVERNMENT EXPENSE,

+280 E ,t)lj <q>‘<x) @5 () = 97(x) @, *(x) } dm
]
M {0XD 9D = 08B @D } ] + @ My qp() = = 2L @, My § (1)
(h=123,..... ,n)
.
e. Results

Table 5 and 6 show the eigenvalues of Aluminum Alloy and Composite
material boom from NASTRAN simulation results and Figure A.3 shows first two
mode shape of the double link boom in planar motion. As shown in Figure A.d,
applied torque to maintain 15 r.p.m of rotating speed increased to one hundred times
of the torque that applied to the same boom in 3-dimensional motion because its mass
center is far away from rotating center. Angular displacement change with time was
almost same as 3-dimensional case. Displacement in X and y-direction was much bigger
than that of 3-dimensional motion because tip position is far away from the rotating
center and concentrated mass attached to the tip.

While rotating speed increases. boom deflects negative v-direction and positive
X-direction until reaching its equilibrium position. After cutting ofl' torque. boom

remains equilibrium position and oscillates with some amplitude. Magnitude of
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1

deflection at equilibrium position was about 6.2 inchs and slope at the tip position was
2.3 °. These values are much bigger than that of 3-dimensional motion but it is quite
natural because of its big radius of rotation.

Figures A.5 - A.12 show angular displacement, angular velocity, generalized
displacement, deflection in cach direction, magnitude of deflection and slope at the tip

position respectively.

-

TABLE S

REAL EIGENVALUES OF ALUMINUM ALLOY (2D)

mode radians cvcles generalized generalized
no. ©; (O} mass( M,) stiflness(K,)
1 I.56SSIGE+00 | 5.679947E - 01 1.000000E + 00 1.273645E + 01
2 1.796733E + 01 2.859389E+ 00 1.00000VE +00 | 3.22824SE+02

TABLE 6
REAL EIGENVALUES OF COMPOSITE MATERIAL(2D)

mode radians cvcles generalized generalized
no. o o, mass( .\li) stifinessy l\i)
1 Jd6132SE+00 | 7.100423E —01 1.000000E + 00 1.990344E + 01
2 2.246115E+01 3.574S04E+00 1.000000E+00 | 5.045035E+02
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Figure A.3  First and second mode shape.
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Figure A.d  Applied torque vs. time.
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APPENDIX B

DETAILED DERlVATISHVI%Ré‘{})%Ri B%B%UATIONS FOR THREE

Apply Lagrange’s equations 2.7 and 2.8 into equations 2.28 and 2.25

then
U,
o
oT o 4
=0([Y q.2t) M. 2 Y
-5 O[Tq' (O M; + f R A0 dm + M R (&)
S (0 { jR(x)(p"(x)dm+\1k(t)¢p"(t)}
l
4
—:uézwﬂmu0P+M<ZQMMﬁnf+u1
1
+ZE%0M0I¢YUWuNm+W¢WW(O}
1]
+

ZpMJRMwwwm+wRMwwn
1

d aT o 0
T 81 a0 M, + josz(x) am + M RO
1

+ 2 Zl q;(t) joeRx(x) ¢;*(x) dm + M R (€) ¢;%(1) )
-2U§2oﬂquﬂ+xu2¢ﬂhwnﬂ+u ]
1
Z (O [a(n M, +j R(x)(p‘(x)dm+ MR (6 @50}
1
-Zqu)LIm%wwﬂwdm~M¢ﬂbmﬂu>l

—Yq(t)[ q;(0) { §<p (X) @f(x)dm + M @.%(E) ¢;%()

‘‘‘‘‘‘‘‘‘




t .
- ’foqa.l-‘(x)(pj“(.\) dm = M@0 %0 )

( ‘ o
- fURx(x) @5 (x)dm = M R (0@ ()]

]
}
’
i
6T ® 5 (’ . X , X
' = = 07 [0 M; + f R0 ¢ (x) dm + MR (D) ¢%(D)
¥ .- th )
R
q z
b4 -2V m‘jc {x)y@ Mxrdm + M @48 @, 7(0))
e 22 G0 L) 970 e Mo (6o (0 }]
[T¥] 1
o
: E _,_év' ftx Y(x1 d AV XL SoE
'S —“]j(“[.u‘ph(m‘pj“) m T . (p“(’(pl()
b 12 1
r 14
JEW
> & . . .
2 - j”(pi-(x» ;" (x) dm - M @ (0 @} ]
i
2
to aT
lg vy kir(t) ’\1h
E G,
- Q
W i . . E ‘ )
:m i -0 ‘: q,(0) | jotpi"(xnph-‘(x) dm + M @ (8) @, *(€)
1
: t v X \ X A
- §U<pi-<x> @,%(x) dm - M 0.} (0) ¢, () |
|
+ 6[(£R( y @, Y (x)dm + M R _(0) @, ¥(D)
" Y0 x.‘( (Ph m . X" (ph'( ]
.i
' |
-y
.4 d T oe
E i — =1 = G0 M,
, dv -~ €q,
! g . iy v c e \ X v
. +0[) q! j“(p.l"(.\) @, (X1 dm + M eMb @, (D
N i :
h‘ !
N-
i (
E ; - j'”(pi‘(\) @, ) dm - Mgih @ N )
o 121
>
]
N i
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¢ .
+ IORX(X) @, (x) dm + M R (D) @, *(0) ]

(4 ° t ' '
+0Y q(] _fU(Pix(X) @, (X) dm + M @X(0) @, ¥(8)
i

e . ‘ 7
- IO‘P{\(X) @, (x) dm - M (pi-‘(() ¢, "0 ]

¢t ot d cu

= = =0
ce 7 o ]

au
— = 0% M, q,(1
th
L

. 0 =0

Now plug all these quantities in equations 2.7 and 2.8
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APPENDIX C
NASTRAN PROGRAM FOR DYNAMIC ( MODAL ) ANALYSIS

1. DYNAMIC ANALYSIS IN PLANAR MOTION

Double link flexible boom for dynamic analysisﬁ_ 14 grid points )
in_2 dimension space with tip mass (37.5 1b. ) link 714 ft,link2:12 ft
Matenal:aluminum alioy

See e e e sle sl hodede ofe ol kool ok slr sl e e o sie e e ook e ol ke ke ok ok ok

EXECUTIVE CONTROL DECK

sk kR Rtk kR kk ki kkkkk

i lkgng.d}'narm'cs SN-ROSS
J
e

o amwv.mmv.mmwwiﬁ
T~ O %
- <%

it

3 o

25
O
_
(=)

3

efesk e ekl kokokdeo etk feomfekokokokkkk

CASE CONTROL DECK

RS E RS LTS EI SRS S T T

kt

®

A NANAO Cu

title= Modal analysis of double link flexible
titje=boom in planar motion{Aluminum alloy)
echo = both
method =120
spe=10]
isp=all
output(plot)
plotter nastran
axes z.X.v
cscale=[.8
view (1,,0..0.
paper size 14.0 by 10.0
set =4 o
find scale. origin 1.set 1 .
nlot modal detformation 0,set 1,0rigin 1,shape
maximum deformation 3
egin bulk

GedidrdedoRekkkh kR kk ko ko kkk ket hokk

BULK DATA DECK
Gedederedede oo e fe koo e e oAk Ae A e e e o e e e e de o o
Define new coordinate system for convinience

c¢ord2c.1.,0.,0.,0.,0.,0.,1.,+ 23
+23,1.,0..0

(VA VAVAIVATVAVAVAV VLIV VGV gl painn ]

grid. 1. 0;02;?2.
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"'?i'f'ib’z"i‘i’o 0.1,
1(1), AD,5(1), =

S— hange these boom o(gerties when material
guhanoes AL. to CO. SITE
S

2 DATA FOR ALUMINUM ALLOY ---

pbar.102.103,1.2101,1.2447,1.2447,2.4894
matl.103,1.01 +7.3.7+6,,2/5362-4'

\3

spcadd
elgr, 12 ,mgiv,,
Sparam, au‘tospc ves

g --- DATA FOR COMPOSITE ---
pbar,102,103.2.0168,1 9451 1.9451,3.8902
.25,2.5362-3

matl,103,1.01 +
conm2,103;

O‘\O
\L\'
-

s
U

. A4
i1
eigr,120.mgiv.,,,
Sparam, autospc,yes
enddata
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DYNAMIC ANALYSIS IN 3 DIMENSION SPACE

D

uble link flexible boom for dynamic ani':llysis( 14 grid points )
1

0

n 3 dimension sFace with tip mass (37.5 1b7 )

link1:14 ft.hink2:12 ft . )

angle between L1 and x-axes is 70,L1 and L2 is 126 degree
Material: Aluminium alloy

Rd et ootk ool e e e et e e dnlele el e s

3
3

EXECUTIVE CONTROL DECK

Sedefe ool etk de ook e dedeole e el oo e ko ek o e e e ke ok

NNANVNNNANANA

id kang,dynamics Snross
sol 3

ume 10

dla% S, 13

Qe sesdese e dedecfefe e siechofofe e ool de e e s slo e e e e e he e e sle ok

>
S
g CASE CONTROL DECK
S

Sesfesfechedfe el desie oo deseseofe e desdeshefe e e sfeshe e ek ek ok kR

echo=both

isp=all
output(plot)
plotter nastran
cscale=1.8
view ().,0..0,
paper size 14.0 by 10.0
set I=all
find scale, origin l.set 1
maximum deformation 10
axes my.X.z , .
plot modal deformation O.set 1.origin l.shape
axes x.v.z . . .
Rlot modal deformation 0,set 1.origin l,shape
osgin bulk

e ool fe el el el tede e sa e e e e e sie o

BULK DATA DECK
Setftcedrsocfefededede oo oo e e de el de ek ek h Rk ok
Define new coordinate system for convinience

1d2¢.1.,0..0.,0.,0..0., 1., + 23
23,.5,0..5.67

A NN SN AN NSNS
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Change following datas when the material
COM.

-~

changes from AL. to
--- DATA FOR ALUMINUM ALLOY ---

pbar,102, 103 l .2101,1.2447,1.2447,2.4894
matl. ll 6,.2,5362-4

mr/)mt/nmm i (@R V21V4]

\./
‘.44

eigr, l’“ m°1\/....7
Sparam,autospc.ves

S --- DATA FOR COMPOSITE ---

pbar 10’ 103,1.2101.1. ’447 l "447 2.4894
matl.103.1.01 + 7.3 7 362-4
<.onml_l() 14.,9.7176-2

101, 123 .1
\spcl i12.335.2,thry,13
\spcadd 1 01, 112
eigr.120.mgiv 7
Sparam.autos p es
enddata
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APPENDIX D
DSL PROGRAM SOLVING THE DYNAMIC EQUATIONS OF MOTION

PROGRAM OF DOUBLE LINK FLEXIBLE BOOM IN PLANAR MOTION

This program solves the dvnamics of a dobule link {lexible boom svstem
in planar motion. The applied torque ( T ) was changed to see the effects
of the torque and also damping coefficient ( { ) was varied 0.0 to 0.5 %o.
This program automatically calculates the slope and deflection of the tip

position in each direction ( local x, ¥, z ) from simulation results.

THE FOLLOWING PARAMETERS ARE DEFINED

N ;i number of discritized boom element

FL1; length of lower boom

FL2 ; length of uppper boom

TM ; tip mass

RHO ; mass per unit length

DX : differential length between each grid point

RX : local x distance from origin

TAO ; applied torque

OMGt ; 1st mode natural frequency

OMG?2 ; 2nd mode natural frequency

PX1; Ist mode shape-displacement in local x direction

PY1; Ist mode shape-displacement in local v direction

PZ1 ; 1st mode shape-displacement in local z direction

PX2; 2nd mode shape-displacement in local x direction
PY2 . 2nd mode shape-displacement in local v direction
PZ2; 2nd mode shape-displacement in local z direction
ALP ; angle between upper boom and local x-axes

RXIL : Ist mode shape-rotation at the tip position w.r.t x-axes




* RZ1L ; Ist mode shape-rotation at the tip position w.r.t z-axes
* RY2L ; 2nd mode shape-rotation at the tip position w.r.t y-axes
* RZ2L : 2nd mode shape-rotation at the tip position

* TH ; angular displacement

* THD ; angular velocity

* QI ; Ist mode generalized coordinatest

* QID ; time derivative of l1st mode generalized coordinates

* Q2; 2nd mode generalized coordinates

* Q2D ; time derivative of 2nd mode generalized coordinates

*  ZETA ; damping coefficient

* RIRZZ ;mass moment of inertia for R.F electronic box
RIBZZ ;mass moment of inertia for boom and tip n mass

* Cl; starting up time coefficient

* C2; magnitude of applied torque

* C3; required time to reach required R.P.M

&

Ao dr oo el Mool ok kokokofok kR KR KRR AR KRRk ook Rk kR kR Ak R AR R Rk kAR kR Rk kK

SIMULATIOMS OF DOUBLE LINK FLEXIBLE BOOM IN PLANAR MOTION
Sefeskle oo fealedede ek ok ok ek ek kck ok ko ko R kR Rk ke ks Rk Tk Rk ok Rk R Rk ok ko
TITLE SOLUTION OF SIMULTANEOLS DIFFERENTIAL EQUATIONS
TITCE  FORDOUBLE LINK FLEXIBLE BOOM I\ PLANAR MOTION
FIXED IER. IPVT. N, I ‘
CONST FLI'=168..FL2= 144.. RHO = 3.0690E-04,\ = 13,DELT = .04
PARAM Cl=40. ;C2=1000.C3= 19:65
INITIAL

TM =9.7176E-02

ALP = 54,

RIRZZ = 31.0559

RZIL= 1.527773E-02
RZ2L = -3 {d9482E-02
*  BY CHANGING THE ZETA VALUE THE DAMPING FORCE
*  WILL BE CHANGED
""" 7ETA=0. 7 T

ZETA =0.00

ZETA =0.005

.............................................................................................

i) I)l,\IE.\:SIO.\B' RX(13),RY(13),PX1(13).PX2(13).PYI(13),PY2(13).A(3,3)
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D DATA PXI1 -4.922269E-06,

D = -9.844336E-06,

) = -1.476680E-05

) = -1.968907E-03

D = -2.401132E-03

D = -2.933338E-03,

D = -3.443583E-03,

D = -2.457687E-01,

D) = -3.087S00E-01, r
D = -7.833463E-01,

D = -1.071851E + 00,-1.36481 7E + 00,-1.660928E + 00’
D DATA PYL 2.800838E-02,

D = 1.089853E-01,

D = 2.383627E-01,

D = 4.113833E-01,

D = 0.241170E-01,

D = 8.714730E-01,

D = 1.149234E + 00,

D = 1.327774E + 00,

) = 1.31887.}E+00

D = 1.719813E + 00

D = 1.927978E + 00.2.140836E + 00,2.355983E + 00!
D DATA PX2 1.637409E-04,

D = 33148 10E-04,

D = 3.972196E-04,

) = 0.629539E-04,

) = S.286890E-04,

) = 9.944183E-04,

) = 1.160143E-03

) = 4.3853372E-02

) = 2710247 :-(,)l.

) = 0.487206E-01,

D = 1.140457E + 00.1. 708 180E + 00,2.313523E + 00
)  DATA PY2 _L423431E-01,

) = 5.101371E-01,

) = 1.013169E + 00,

) = 1.563418E + 00,

) = 2.073334E + 00,

) = 2.467438E + 00,

) = 2.663024E + 00,

D) = 2.632837L + 00,

) = 2468005 + 00,

) = 2.193798E + 00, i
D = 1.836722E +00,1.424425E + 00,9.847733E-01"
D DATA OMGI 3.5368816E +00 ,OMG2 1.796733E + 01"

DATA PXI -461*3 *EJ()
3063TE-006,
-l st-h‘) L-03,

it
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D DATA OMGI 4.461328E+00:,0MG2 2.246115SE + 01

THESE CALL STATEMENTS CALCULATE ALL CONSTANT TERMS

AND COEFFICIENT INVOLVED IN THIS PROGRAM.
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*  ZETA=0.002
*  ZETA=0.003
* THIS VALUES ARE FOR ALUMINUM ALLOY
*  RXIL= 1.381823E-02
, *  RZIL=-61417E-03
; x  RY2L=1.527773E-02
* THIS VALUES ARE FOR COMPOSITE MATERIAL
! RXIL=-1.395893E-02
RZIL =-5.047870E-03
RY2L=T1.527779E-02

* _ UL

. IN AD RACTE

*oe —- - - - -
D DIMENSION A(3,3),RX(13),PY1(13),PX2(13),PZ2(13)

ARRAY IPVT(3),B(3)

D DATA RX 8.2085.16.417.24.6255.32.834.41.0425,49.251,57.4595,
D £ 44.0388,30.6182,17.1976,3.777,-9.6336,-23.0642
*  DATA RY 22.5526.45.1052.67.6578.90.2104.112.764,135.316,157.869,
o 177.7653,197.662,217.359,237.456,257.353,277.25;
*===== DATA FOR ALUMINUM ALLOY ======
*  DATA OMG1:3.384515,,0MG2/3.5638821!
*  DATA PYI1-2.320288E-02,
- -8.960620E-02.
S -1.944046E-01;
oom -3.328017E-01,
£z -3.000193E-01,
o= -6.913154E-01,
o= -9.019864E-01,
o= -1.199910E + 00,
s -1.316332E + 00,
o= -1.8501 /._1£+u0,
= -2.193575E + 00,-2.548629.-2.905414;
*  DATA PX2 2.632094E-02 ,
*oa 1.024161E-01,
*om 2.239926E-01,
o= 3.867686E-01,
o= 3.804863L-01,
o 8.189327E-01,
= 1.079938E + 00,
* o= 1.331760E + 00!
* o= 1.L6O1282E + )‘)
o= 1.884697E + 00
= 2.178297E +00,2.478518.2.781967
*  DATA PZ2 -9.574829E-03,
T -3.726606E-02,
o= S 0511602,
S -1 4015 T7E-0L,
S -2.134380[:-01,
* oz -2.980351E-01,
136
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3. PROGRAM OF DOII{E%E LINK FLEXIBLE BOOM IN 3 DIMENSIONAL

e 286 326 she sk ofe 33 ot o e a3¢ sbe e ot obe o o ok oK st o ofc ol 2B o ok o ol o ok oK 30 o oAk oK o 90 ok %0 otk A e K o Ak e ok ok ok oK oBe ok o ofe ok e ok ofe st ook ot ofe ok e ok e el skl ol ke ke Ak s ok

* SIMULATIOMS OF DOUBLE LINK FLEXIBLE BOOM
IN 3 DIMENSIONAL MOTION WITH 3 MODES

LU~

o o8 300 53¢ e ol ot o o B ofe ol o ofe ofe o 2B ol ofe o3 s ofk o 2 o otk aln o o ol B o o o o o o ol AR A o o o o ok ol o o ofe ok o ol ofe o o ok o Ak ok e sl ol feokokok R ek ook sk ol ok o

TITLE SOLUTION OF SIMULTANEOUS DIFFERENTIAL EQUATIONS FOR
TITLE DOLBLE LINK FLEXIBLE BOOM 1N 3 DIMENSIONAL MOTION
TITLE WITH THREE MODES
* THIS PROGRAM USES 3 MODE SHAPES FOR 3D ALUMINUM ALLOY
%=
FIXED IER, IPVT, N. | )
CONST DX=24.DELT=.04 ,RHO=3.0690E-04,N =13
PARAM Cl=.3C2=10. ,C3=24.63
*INCON X0=1.5708
INITIAL
TM =9.7176E-02
ZETA=0.0
* ZETA=0.002
¥ ZETA=0.005
RIBZZ =145.39
RIRZZ=7.6d6
RXIL= 1.381823E-02
RZIL=-6.144172E-03
RY 2L =1.527773E-02
) RY3L =-3.149467E-02
*  DIMENSION SIZE SHOULD BE EXPRESSED BY NUMBER INSTEAD OF CHARACTER
D DI\AE\SIO\ A(4,4),RX(13),PY1(13),PX2(13),PZ2(13),PX3(13),PZ3(13)
ARRAY IPVT(4).B(4)
D DATA OMGI, 3.384515/,0MG2,3.568821 ,.0MG3,1.796723E + 01
D DATA PYl _ -2.320288E-02,
D = -8.960620E-02,
) = -1.943036E-01,
D = -3.328017E-01,
D -3.000194E-01,
D = -6.913154E-01,
) = -9.019864E-01.
D = -1.199010E + 00,
) =z -1316352E + 00,
D = -1:.850173E + 00,
D = -2.195575E + 00,-2.548629,-2.905414;
D DATA PX2 2.632094E-02 ,
D = 1.024161E-01.
) = 2.339926E-01,
D = 3.867680E-01.
D = 5.864803E-01,
D = 8.189327E-01,
140
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